Primary human epithelial cells were cotransfected with pHPV-18 and pSV2neo, and cell strains were generated by selecting in G418. One cell strain (FE-A), which exhibits an extended life span, is currently in its 30th passage. In comparison, control cultures can only be maintained up to the seventh passage. Southern blot analysis revealed the presence of at least one intact, integrated viral genome in these cells. FE-A cells showed altered growth properties, characterized by a change in morphology, and clonal density. Differentiation markers analyzed by Western blotting (immunoblotting), such as cytokeratins and involucrin, indicated that the cells resembled a partially differentiated epithelial population. Increased expression of the 40-kilodalton cytokeratin was observed in FE-A cells, similar to that observed in simian virus 40-immortalized human keratinocytes (M. Steinberg and V. Defendi, J. Cell Physiol. 123:117-125, 1985). FE-A cells were also found to be defective in their response to terminal differentiation stimuli. Calcium and 12-O-tetradecanoyl-phorbol-13-acetate treatment induced normal epithelial cells to differentiate, whereas the human papillomavirus 18 (HPV-18)-containing keratinocytes were resistant to these signals, indicating their partially transformed nature. These cells were not able to induce tumors in nude mice over a period of up to 8 months. A second cell strain, FE-H18L, also generated by transfecting HPV-18, also exhibited an extended life span and similar alterations in morphology. Viral RNA transcribed from the early region of HPV-18 was detected in both cell strains by Northern (RNA) blot analysis. These cell strains should provide a useful model for determining the role of HPV in carcinogenesis.
Papillomaviruses are species-specific viruses infecting a wide range of vertebrates, including amphibians, reptiles, birds, and a variety of mammals (20, 30) . These viruses are etiologic agents of benign cutaneous and mucosal epithelial lesions termed papillomas or fibropapillomas (reviewed in references 24, 30, and 54). To date, over 50 distinct types of human papillomaviruses (HPVs) have been identified, a new type being defined as one that reveals less than 50% homology with known virus types by nucleic acid hybridization. It is now evident that HPVs are closely associated with malignant disease. Molecular cloning of various HPVs has allowed the detection of viral DNA in a variety of benign and malignant epithelial lesions, and the presence of HPV DNA has been particularly well documented for the female genital tract epithelium. Individual HPVs show a preference for epithelia from specific anatomical sites, and thus only a few of the characterized types are associated with genital lesions. These include HPV-6, -11, -16, -18, -31, -33, -34, and -35. Of these, HPV-6 and HPV-11 are most often observed in benign genital warts in both males and females and in mild or moderate cervical dysplasias (12) (13) (14) . HPV-16 and HPV-18 are the most frequently detected genomes in cervical and penile cancer biopsies (3, 9, 14) , with 60 to 90% of malignant cervical carcinomas containing HPV-16 and 15 to 36% containing HPV-18 (reviewed in references 24 and 31). In addition, a number of cell lines derived from cervical carcinomas contain either HPV-16 (SiHa and CaSki) or (HeLa, SW756, C4-I, and C4-II) DNA with a subset of viral genes transcribed (35, 37, 48) , suggesting that viral products may have a role in transformation.
While there is a great deal of circumstantial evidence for the role of HPVs in carcinogenesis, an experimental basis for HPV oncogenicity in a suitable in vitro model system re-* Corresponding author. mains to be established. This is primarily due to the lack of an in vitro culture system for the propagation of these viruses. However, the availability of recombinant viral DNA has allowed the initiation of transformation studies with HPVs. Morphologic transformation of C127 cells with HPV-1 and HPV-5 has been demonstrated (42) . More recently it has been shown that HPV-16, when cloned as a head-to-tail dimer into the pSV2neo plasmid, induced transformation of NIH 3T3 cells (47) . The viral DNA was integrated and expressed in all tumorigenic lines. Similar studies have been carried out in NIH 3T3 cells with cloned HPV-6b and HPV-18 DNA in this laboratory (18) .
Given the epitheliotropic nature and anatomical site preferences of the HPVs, primary human epithelial cells from an appropriate site should provide the optimum model culture system for investigating the role of HPV in carcinogenesis. There are currently two studies reported in the literature describing the introduction of HPV-16 into primary human epithelial cells (8, 32 Ca2' and TPA studies. Cells were plated in KGM at 2 x 105/100-mm plate and allowed to reach exponential log phase. The medium was replaced with KGM containing a final concentration of 100 nM 12-O-tetradecanoyl-phorbol- 13 -acetate (TPA; Sigma) in acetone, and the cells were observed for up to 10 days. Protein extracts were made at various sampling times. The concentration of calcium in the KGM was raised by adding calcium chloride to a final molarity of 1.2 mM to the medium. Morphological changes and cytokeratin expression were studied.
Tumorigenicity studies. Cells were trypsinized and resuspended in PBS. Four BALB/c nulnu male mice between 3 and 4 weeks old were injected with 5 x 106 cells per 0.1 ml of PBS subcutaneously per cell strain tested. All mice were injected on the right flank and monitored twice weekly for the appearance of tumors over a period of 3 to 4 months.
RESULTS
Growth properties and phenotype of HPV-18-transfected keratinocytes. In one experiment the cotransfection of human neonatal foreskin keratinocytes with pHPV-18 (see Fig.  2a ) and pSV2neo and subsequent selection in medium containing G418 resulted in the generation of one cell strain, FE-A, originating from a G418-resistant colony. A second experiment, in which primary keratinocytes were cotransfected with pSV2neo and HPV-18 DNA consisting of the insert from pHPV-18 ligated to itself (to complete the interruption in the El open reading frame resulting from cloning into the EcoRI site of pBR322), generated 29 resistant colonies with 30 ,ug of HPV-18 and 3 jg of pSV2neo. One cell strain, designated FEH18L, was derived from this experiment by pooling approximately 10 G418-resistant colonies. In both experiments, transfections were also carried out with HPV-6b and pSV2neo, pSV2neo only, or salmon sperm DNA only. Although G418-resistant colonies were obtained with plasmid or released and religated HPV-6b or pSV2neo transfections, these were not able to grow sufficiently for maintenance and analysis. This suggests that the introduction of HPV-18 DNA into primary human keratinocytes confers a growth advantage on these cells. Indeed, both the FE-A and FEH18L strains exhibited an extended life span in culture. The FE-A cell strain has been in culture for 14 months and FEH18L for 11 months. Control cultures can be maintained in vitro for approximately 3 months. Salmon sperm-transfected keratinocytes (not selected in G418) can also be maintained for about 3 months but undergo fewer population doublings. Growth curves of FE-A and control keratinocytes indicate that the length of the cycle is similar in both HPV-18-containing and normal epithelial cells, i.e., approximately 35 h.
HPV-18-TRANSFORMED HUMAN KERATINOCYTES
FE-A cells were tested for the presence of cytokeratins at passage 7 and FEH18L cells were tested at passage 17 to ensure that they were of epithelial origin by staining with a polyclonal antiserum to bovine hoof keratin (Miles-Yeda Ltd.). All cells were positive, exhibiting fibrillar staining in the perinuclear region and throughout the cytoplasm (data not shown).
Both FE-A and FEH18L cells exhibited altered morphology in culture compared with pSV2neo-transfected cells or untransfected cells (Fig. 1) . In general, HPV-18-transfected cells showed a lower cell density at confluence than the control and lost their polygonal shape, growing in a more disorganized manner.
Viral DNA and RNA. High-molecular-weight DNA was extracted from FE-A cells at passage 5 and analyzed by Southern blotting (Fig. 2b) (Fig. 2b) . The additional bands in the BglI-digested DNA may indicate a second insertion of HPV DNA, but more likely represent partial digestion products. The FEH18L cell strain also contained HPV-18 DNA detected by Southern blot, retaining an EcoRI site within the integration (data not shown).
Total RNA isolated from FE-A, FEH18L, and control cells was probed for the presence of viral transcripts with the nick-translated 2.35-kb HPV-18 DNA fragment containing the E6, E7, and most of the El region. Figure 3 shows the autoradiogram of the Northern blot. Clearly, a number of viral transcripts were presenft in both HPV-18-transfected cell strains (FE-A and FEH18L), ranging from less than 2.0 to about 6.0 kb in size. Presumably, some of the larger species of RNA are chimeric virus-cell fusion transcripts, similar to those reported by Schwarz and co-workers for cervical carcinoma cell lines (35) . The viral transcripts present in the two cell strains FE-A and FEH18L were of different sizes, which may indicate inherent differences in transcription between these two cell strains.
Western blot analysis of cytokeratins. Figure 4 (Fig. 4) . In particular, the highermolecular-weight species were less abundant in cells induced to differentiate by TPA or high calcium. The cytokeratins expressed by the FE-A cells are also shown in Fig. 4 and were clearly different from those of control, mitotically active keratinocytes. The 40-kDa species was clearly overexpressed, while the higher-molecular-weight cytokeratins were downregulated. Indeed, these HPV-18-containing cells had a cytokeratin profile similar to that of partially differentiated keratinocytes, in particular one comparable to that induced by TPA treatment of normal keratinocytes. Changes in cytokeratin expression were not seen in salmon spermtransfected controls (Fig. 4) (Fig. 5) . Involucrin has been estimated to be 92 kDa (34) , but the mobility of this protein varies with the electrophoretic separation conditions. The positions of the prestained molecular weight markers shown in Fig. 4 and 5 cannot be used in an absolutely quantitative manner, since coupling with the blue chromophore dye affects their electrophoretic mobility. The maintenance of keratinocytes beyond confluence and hence stratification resulted in accumulation of involucrin (Fig. 5) . A single band was observed in this case. Stimulation of control cultures with 100 nM TPA or increased calcium affected the involucrin content of epithelial cells (Fig. 5) . Typically, the characteristic doublet band seen in subconfluent cultures was replaced by a single band. FE-A cells showed an involucrin content similar to that of calcium-or TPA-stimulated differentiated control cultures (Fig. 5) .
Response of FE-A cells to differentiation stimuli. Primary and early-passage keratinocytes were tested for their response to increased calcium concentration in the growth medium by adding calcium chloride to give a final molarity of 1.2 mM. Changes in morphology of the keratinocytes were observed within 24 h, followed by ordered stratification and differentiation in subsequent days. Figure 6a shows these changes in normal cells. FE-A cells also showed an alteration in morphology somewhat characteristic of increased calcium levels when grown in 1.2 mM calcium-containing medium (Fig. 6b) . However, terminal differentiation was not observed in these HPV-18-containing cells. Normal human epithelial keratinocytes appeared to be irreversibly commit- 24 h, and cells became flattened and dendritic in appearance. Subsequently, suprabasal migration of keratinocytes was apparent, and the cultures acquired lattice works of differentiating cells (Fig.  6c) (Fig. 6d) 
DISCUSSION
The data presented here report initial experiments in studying the role of HPVs in carcinogenesis in their in vivo target cells, namely, epidermal keratinocytes. Changes resulting from the introduction of HPV-18 into primary human epithelial cells are reported. The foremost change observed in these cells was their extended life span-the FE-A cell strain derived clonally from a single G418-resistant colony has been maintained in culture for over a year without loss through differentiation, compared with primary cultures, which can only be maintained for up to 3 or 4 months. The FEH18L strain has continued to grow, while the parent culture transfected with carrier DNA has been lost from culture 3 to 4 months after initiation. These data confirm the recent reports that HPV-16 similarly extends the life span of primary neonatal foreskin keratinocytes in vitro (8, 32) . EGF-independent growth has been observed for both the FE-A and FEH18L cell strains (data not shown). These altered growth properties are analogous to simian virus 40-induced changes in human foreskin keratinocytes (39, 40) . The alterations in the morphology of HPV-18-transfected cell strains reported here may reflect alterations in the cytoskeleton of these cells, resulting in loss of the polygonal packing characteristic of normal epithelial cells. Fey (3, 4, 10, 24, 36) . Integration of viral DNA may be a prerequisite for neoplastic transformation, although FE-A and FEH18L cells are not fully transformed.
Northern blot data show that the viral DNA is actively transcribed, in particular the early region encoding the E6, E7, and El genes, in the cell strains described here. This part of the HPV-18 genome has been shown to be retained and transcribed in cervical carcinoma cell lines such as HeLa, C4-1, and SW756 (35) and is thought to have a role in transformation. Durst et The cytokeratin expression in the FE-A cell strain is clearly altered compared with control cultures. Although all the cytokeratins present in control cultures occur in FE-A cells, there are quantitative changes, such as an upregulation of the 40-kDa (K19) species and a decrease in highermolecular-weight species. K19 is found mainly in simple epithelia (25, 41) but is also characteristic of simian virus 40-transformed human keratinocytes (17) and some cultured human squamous cell carcinomas (46) . Thus, increased amounts of K19 in HPV-18-containing cells may be a significant change induced in primary human keratinocytes. The acidic 48-kDa (K16) and basic 56-kDa (K6) pair of cytokeratins are characteristic of hyperproliferative cells (43) , and the acidic 50-kDa (K14) and basic 58-kDa (K5) pair are present in all keratinocytes (25, 41) . All four of these cytokeratins are present in decreased amounts in the FE-A cell strain. Hronis et al. (17) reported the complete loss of these species from simian virus 40-transformed human keratinocytes. While there are some reports on changes in cytokeratin expression associated with cervical lesions either caused by HPV (38) or in general (2) , it is not possible to extrapolate changes observed in vivo in a different tissue to the in vitro model described here. However, on comparison with cultured keratinocytes under various conditions, the cytokeratin profile of FE-A cells most closely resembles that of a control culture stimulated to differentiate with TPA. This is also true of the involucrin amounts present in these HPV-18-containing keratinocytes. Thus, the differentiation markers of FE-A cells exhibit the characteristics of more differentiated keratinocytes but also those of a simple, transformed epithelium. FE-A cells exhibit these properties in their growth pattern in culture in that they are able to undergo some differentiation well before they reach confluence. However, when nearing confluence, a larger number of mitoses are present in FE-A cultures than in controls.
The above data confirm previous observations made after the introduction of HPV-16 into primary keratinocytes. In addition, we have been able to demonstrate the transformed nature of these cells by studying their calcium and TPA response. Normal mouse (16) and human epidermal (5) cells respond to an increase in calcium in the growth medium by stratification and terminal differentiation, particularly in the case of mouse keratinocytes. Similarly, TPA induces differentiation of normal human epithelial cells (27, 28, 45) and mouse epidermal cells (50) in a dose-dependent manner. However, it has been shown that initiated mouse epidermal cells in vitro (19) and in vivo (52) , as well as transformed human epithelial cells (21, 26, 33) , are able to resist or have a reduced response to differentiation signals such as calcium and TPA (for a review, see reference 26). FE-A cells are resistant to calcium as a stimulus for differentiation. Unlike control cultures, which become irreversibly committed to differentiation by treatment with calcium, FE-A cells are quiescent under these conditions and are able to resume proliferation upon removal of calcium from the growth medium. Thus, they appear to be blocked at an early stage in their maturation and are unable to terminally differentiate. This has been demonstrated by Yuspa et al. (53) for mouse keratinocytes infected with either Kirsten or Harvey sarcoma virus.
FE-A and FEH18L cells also showed marked resistance to TPA treatment. Some FE-A cells were able to terminally differentiate and be lost from the cultures; however, TPAresistant cells were also evident in the cultures, and these continued to proliferate. It was evident that the TPAresistant cells (FE-APr) were precursors of the sensitive cells, since subsequent treatment of an expanded population of FE-AP' yielded a heterogeneous response in that differentiation-resistant and -sensitive cells were present within the cultures.
Tumorigenicity studies in nude mice have yielded no tumors to date with either FE-A, FE-APr, or FEH18L cells. These data are also in agreement with those of Durst et al. (8) and Pirisi et al. (32) for HPV-16-containing keratinocytes. This is perhaps not surprising, given that it is now generally accepted that carcinogenesis is a multistep process. This is certainly in keeping with epidemiological data on the frequency of HPVs in the general population and the occurrence of malignant neoplasia (see reference 7 for a review). Recent experiments have generated more keratinocyte cell strains transfected with HPV-18 or HPV-16 and should allow the consolidation of our initial observations with the FE-A and FEH18L cell strains. HPV-containing human keratinocyte cell strains will provide a suitable model system for the study of cofactors associated with HPV in carcinogenesis.
